The study of the spectral-luminescence parameters of LaPO 4 -Eu and LaPO 4 -Pr nanoparticles upon excitation by the synchrotron radiation with photon energies 4-40 eV was performed. The differences of the luminescence intensity dependence on the size for LaPO 4 -Eu and LaPO 4 -Pr nanoparticles excited at the range of matrix transparency, the range of band-to-band transitions, and the range of electronic excitation multiplication were revealed. The observed regularities are explained in terms of the electron-phonon and electron-electron scattering, surface losses, and exciton diffusion. The ratio between the length of thermalization and electron mean free path and the size of nanoparticle is determinative for the luminescence intensity upon excitation in the range of fundamental absorption of matrix and X-ray excitation. V C 2013 AIP Publishing LLC.[http://dx
Recombination luminescence of LaPO 4 -Eu and LaPO 4 -Pr nanoparticles I. INTRODUCTION
The influence of the size effect on the luminescence of free excitons in semiconductor crystal is well studied. In case of strong quantum confinement (when the radius of the exciton is larger than the nanoparticles size), the blue shift of free exciton luminescence spectra is observed. In addition, for such systems, the significant decrease of the luminescence decay time of free excitons caused by the effect of exciton coherence is characteristic.
1, 2 In the case of wide bandgap oxide materials, such effects are difficult for observation due to small radius of Frenkel exciton inherent for such the materials. [3] [4] [5] [6] [7] On the other side, the significant separation distance between photoelectrons and photoholes created during the light excitation will affect the intensity of recombination luminescence dominating in wide bandgap materials. Therefore the luminescence intensity could be dependent on the relation between the size of nanoparticles and the separation distance of electrons and holes. Such dependences for recombination luminescence intensity of impurity centers were studied in Lu 2 O 3 :Eu 3þ ,L u 2 O 3 :Tb, LaPO 4 -Ce, LaPO 4 -Ce,Tb, and LaF 3 -Eu nanocrystals. 3, [8] [9] [10] The strongest decrease of recombination luminescence intensity caused by the nanoparticle size reducing was revealed upon excitation in the energy range of E g < h<2E g .However,inthe case of electronic recombination luminescence for Lu 2 O 3 -Tb, the luminescence intensity upon excitation in the range of energies E g < h<2E g is less sensitive on the nanoparticle size. The detail study of exciton luminescence intensity dependence on the nanoparticle size was carried out for CaF 2 nanoparticles. 11 The intensity of recombination luminescence for all studied systems is less sensitive to the nanoparticle size in the case of excitation in the range of electronic excitation multiplication (EEM) (h>2E g ). The revealed peculiarities of impurity recombination luminescence excitation for different types of luminescence and nanoparticle sizes need the further study with the aim to elucidate the general regularities of excitation energy relaxation in wide bandgap nanoparticles. The elucidation of luminescence intensity dependence on the nanoparticle size is not only fundamental but also applied task important for estimation of possible application of nanoparticles for creation of new nanocomposite luminescence materials or even the nanoscintillators for medical use.
In the present work, the size effect influence on luminescence of LaPO 4 -Eu and LaPO 4 -Pr nanoparticles upon high energy excitation (4-42 eV) was studied. LaPO 4 12 In order to increase the nanoparticles size, the synthesized particles were annealed during 2 h at the different temperatures (400, 600, 800, 900, and 1200 C).
The crystalline symmetry of lattice and the size of nanoparticles were estimated via X-ray diffraction method and transmission electronic microscope (TEM) in Ref. 13 . For X-ray diffraction studies, the uniform layer of nanopowders was deposited on a substrate using X-ray-amorphous glue. The diffraction patterns were obtained by the means of STOE STADI P diffractometer. The morphology of samples was studied using JEOL JEM-200A TEM. Methods and results of studies and data processing are presented in the work. 13 Only main results of Ref. 13 are presented below. Accordingly to X-ray diffraction data, the unannealed LaPO 4 -Ln nanopowders are monophase. The crystalline structure of LaPO 4 phase is hexagonal with the structural type of CePO 4 (space group P6 2 22). The mean size of particles is equal to about 8 nanometers. For the sample annealed at 400 C, the hexagonal structure is observed too. Nevertheless, the presence of a monoclinic phase is also not excluded, because the accurate identification is complicated due to a semi-amorphism of the sample and overlapping of diffraction peaks for these phases. Samples annealed at temperature T > 500 C are single-phase and crystalline structure of these LaPO 4 -Ln samples is monoclinic with structural type CePO 4 (a space group P2 1 /c). The parameters of crystalline lattices and the mean sizes of nanoparticles are shown in Table I .
Since the X-ray diffraction gives only an average grain size of nanoparticles, further studies were carried out by the small-angle X-ray scattering (SAXS) method for determining the of nanoparticles size distribution. In order to obtain the dispersion of nanoparticles, the SAXS data were treated in the approximation of spherical particles using the methods described in Refs. 14 and 15. Unannealed nanoparticles show a rather narrow size distribution. Mean nanoparticle size a ¼ 6 nm, size variation at band halfwidth is about 3 nm (Fig.  1 , curve 1). For nanoparticles annealed at 900 C, maximum of the distribution is at 45 nm, half-width of the peak-15 nm (Fig. 2, curve 2) . It should be noted that the position of the maxima distribution for SAXS data and average size of nanoparticles obtained by XRD method satisfactory match. The size of nanoparticles determined by XRD is 8 6 2 and 50 6 4 nm for unannealed and annealed at 900 C nanoparticles, respectively. However, for unannealed nanoparticles, there are two additional low intensity peaks at 14 and 28 nm on size distribution curve (Fig. 1, curve 1) . These peaks can be associated with the formation of nanoparticle aggregates because the SAXS method is sensitive to creation of aggregates, while the determining of average size by the XRD method is not sensitive.
In this paper, the size of nanoparticles is important to compare them with mean free path of the primary photoelectrons and thermalization length of electronic excitations influencing on the processes of excitation energy relaxation. Both of these values are integral parameters; therefore, it is enough to compare them with average values of nanoparticle size. Also taking into account that the luminescence is registered from ensemble of nanoparticles, the average size of nanoparticles obtained by XRD method will be used below.
The luminescence studies of LaPO 4 :RE nanocrystals were performed at SUPERLUMI station of HASYLAB laboratory (DESY, Hamburg). 16 Luminescence spectra were measured using secondary monochromator-spectrograph ARC "Spectra Pro 308" equipped by the CCD the detector. The excitation light wavelength was specified by means of primary 2 m monochromator with spectral resolution ability of 4.0 Å .
III. RESULTS

A. Luminescence parameters of LaPO 4 -Eu nanoparticles
The luminescence spectra of LaPO 4 -Eu nanoparticles confirm the X-ray diffraction results, which indicate the The intensive band located at 7.95 eV matches with the excitation band of exciton in LaPO 4 . 8, 9 It indicates the presence of energy transfer from the exciton to the Eu 3þ -center. The location of this band allows to estimate the bandgap E g of LaPO 4 nanoparticles using empirical equation E g ¼ 1.05E ex . 17 Accordingly to this equation, the bandgap can be evaluated as E g % 8.6 eV. Different values of bandgap from 7.7 to 8.21 eV are presented in the literature. 18, 19 Such various values of bandgap can be caused not only by the features of the experimental methods but also the fact that bandgap is sometimes identified with the fundamental absorption edge, which can be formed by the exciton absorption instead of band-to-band transitions.
The threshold of luminescence intensity increase at h % 13 eV is observed. Such a value rather well matches with
9 eV, where E 0 CT -position of low-energy edge of CT band. Therefore, the observed increase in luminescence excitation spectra at E CT th % 13 eV can be associated with the beginning of EEM in a result of inelastic scattering of hot electrons on valence electrons with the subsequent transfer of valence electron on the 4f level of Eu 3þ ion (Fig. 4(e) ). The processes of EEM sharply increase at the energy of h % 16.5 eV. This threshold coincides with the energy E ¼ E g þ E ex ¼ 8.6 þ 7.9 eV ¼ 16.5 eV and, probably, corresponds to inelastic scattering of electrons with further creation of secondary excitonic excitations (Fig. 4(f) ).
The secondary CT processes, secondary excitonic, and electron-hole excitations are involved in the photon multiplication at excitation quanta energy h>2E g . The threshold of EEM associated with the creation of electron-hole excitations (Fig. 4(g) ) is indistinct due to superposition of secondary processes connected with charge transfer and creation of secondary excitons.
The small dips at 20. excitation spectra in the range of EEM. The dips are caused by energy losses on the surface defects and usually they match with the maximums of electronic excitation absorption bands. In the reflection spectra of LaF 3 crystals, the peaks at 21-25 eV of low intensity and intensive peak of reflection at 27 eV are observed. 20 Low-energy peaks are associated with the creation of 5p core excitons in La 3þ ion and peak located at 27 eV corresponds to the intraband 5p!6s,5d transition in lanthanum ion. Taking into account the close position of core energy levels of lanthanum ion in LaPO 4 and LaF 3 , it is possible to suggest that mentioned features for the excitation spectra of LaPO 4 -Eu are caused by the excitonic and band-to-band excitations involving 5p-states of lanthanum ion.
The decrease of the luminescence intensity caused by the nanoparticle size reduction is observed upon excitation with quanta of energy 4 eV < h<40 eV. However, the character of luminescence intensity decrease depends on the excitation energy. The luminescence intensity upon excitation in the CT band is the least sensitive to the nanoparticle size reduction (Fig. 3) . The higher decrease of luminescence intensity is observed upon excitation in the energy range 7.5 eV < h<13 eV. In this energy range, the europium luminescence is excited by the excitonic (h<E g ) or recombination (E g < h<E CT th ) mechanisms. In the range of EEM for nanoparticles of 8 nm size, the excitation threshold E CT th due to the scattering of hot electrons on valence electrons with the following CT transition is observed. The E ex th threshold associated with the formation of the secondary exciton is not observed. This may be considered as the absence of photon multiplication with creation of secondary excitons.
The position of the excitation threshold E CT th for nanoparticles with the monoclinic (a ¼ 35-90 nm) and hexagonal crystalline symmetry (a ¼ 8-16 nm) is similar ($13 eV). The energy shifts of charge transfer and exciton bands caused by the crystalline symmetry change are almost same $0.3 eV and are opposite in direction. Thus, the CT band shifts to the high energy range and the exciton band shifts to the low energy range at the crystalline symmetry change from monoclinic to hexagonal (Fig. 5) . Taking into account that the energy of exciton creation does not depend on nanoparticle size, the bandgap for nanoparticles with hexagonal phase can be estimated as E g ¼ 1.05E ex % 1.05 Â 7.62 % 8.0 eV.
B. Luminescence parameters of LaPO 4 -Pr nanoparticles
The luminescence spectra of Pr 3þ ions consists of three emission bands corresponding to electronic transitions 4f5d (Fig. 6 ). Emission bands corresponding to the 4f-4f-transitions in the ultraviolet part of the spectra are not observed at room temperature. The intensity of 4f5d-4f luminescence decreases when the size of nanoparticle is reduced. Slight shift of emission bands to the low energy range for nanoparticles possessing the hexagonal symmetry of crystalline matrix is observed. Besides, the redistribution of luminescence intensity of emission bands at 229 and 236 nm is observed. The intensity of high-energy emission band with maximum at 229 nm is decreased in nanoparticles possessing the hexagonal symmetry. It can be caused by the concentration effects resulting in the intracenter reabsorption. Concentration effects can be caused by the segregation of the praseodymium ions in nanoparticles of small size. It is known that in Y 2 SiO 5 :Pr 3þ nanoparticles with 20 nm size, the Pr 3þ ions are mainly located on the surface. 21 The increase of impurity concentration in surface layer also causes the decrease of 4f-4f luminescence of praseodymium as a result of cross-relaxation. The decay kinetics of 5d-4f praseodymium emission upon intracenter excitation is shown on Fig. 7 . The luminescence decay curve for large nanoparticles (90 nm) is exponential with decay time constant 9 ns; and for small nanoparticles (8 nm), the decay curve possesses the nonexponential profile. The reason for this is most likely the luminescence quenching caused by the nonradiative transfer of excitation energy from Pr 3þ ions to surface defects. The luminescence excitation spectra of praseodymium emission in LaPO 4 -Pr nanoparticles are shown in Fig. 8 .I n the low energy range of excitation spectra (h<E g ), the bands located at 5-7.8 eV corresponding to intracenter 4f-5d absorption of Pr 3þ ion are observed. The excitation spectra in the range E g < h<2E g (8.6-17.2 eV) where the luminescence of praseodymium ion is excited via recombination mechanism is almost unstructured. The increase of luminescence intensity starting at 17.2 eV excitation energy corresponds to the threshold of EEM with the creation of secondary electron-hole pairs. On the curves of luminescence excitation of LaPO 4 -Pr, as in the case of LaPO 4 -Eu nanoparticles, the slight dips in the range 20-26 eV and at 25.97 eV associated with the creation of 5p core excitons and intraband 5p-6s,5d transition in lanthanum ion are observed. In the luminescence excitation spectra of Pr 3þ ion emission, the band connected with the energy transfer from exciton to praseodymium is not observed and, respectively, the threshold of EEM associated with the creation of secondary excitons is not observed too.
The study of the luminescence excitation spectra of Pr (Fig. 8) . The higher decrease of luminescence intensity is observed upon excitation with quanta 8.6 eV < h<17.2 eV (E g < h<2E g ), where the praseodymium luminescence is excited via recombination mechanism. In the range of EEM (h>17.2 eV), the intensity decrease of Pr 3þ luminescence is lower than in the case of recombination luminescence mechanism.
IV. DISCUSSION
As it was mentioned above, there are few characteristic ranges in the luminescence excitation spectra. Intracenter excitation bands caused by the 4f-4f5d-transitions in praseodymium ion prevail in the range of matrix transparency of LaPO 4 -Pr nanoparticles. The size of intracenter excitation is commensurate with the radius of praseodymium ion (0.11 nm).
For such small size of electronic excitation, the luminescent parameters will not be determined by the quantum confinement effects but mostly by the surface influence because as nanoparticle size decreases the number of impurity ions in surface layer increases due to the rise of the surface/volume ratio. 10 Processes of impurity segregation can also influence on the luminescence quenching. 21 For LaPO 4 -Eu, the CT band is dominant in the matrix transparency range. The size of such an excitation is similar to the size of intracenter excitation and can be estimated as a distance between La 3þ and O 2À ions (about 2.5 Å ). Since the size of such an excitation is smaller than nanoparticle size, one should expect that the dependence of luminescence intensity on the nanoparticle size upon excitation in the CT band will not be strong. However, the dependence of Eu 3þ luminescence intensity excited in the CT band is slightly stronger than in the case of Pr 3þ intracenter luminescence (Figs. 10(a) and 10(b), curves 1) .
The same considerations about influence of nanoparticle size on the luminescence intensity dependence can be applied to the europium luminescence upon excitation in the exciton absorption band (Fig. 10(a), curve 2) . However, the decrease of Eu 3þ luminescence intensity on the nanoparticle size is more significant due to possible diffusion of exciton to surface where nonradiative relaxation can occur. The mean length of exciton diffusion is determinated by the diffusion of hole component of exciton and can be estimated as 4 nm. 22 Therefore, the exciton diffusion in 8 nm nanoparticles can lead to Eu 3þ -centres luminescence quenching upon excitation in excitonic range. Such the effects are not inherent for excitation in the CT band, consequently, the luminescence intensity of europium emission upon this excitation is less sensitive to the decrease of nanoparticle size. For this reason, the luminescence intensity of nanoparticles with 8 nm size upon excitation in CT-band is higher than upon excitation in the exciton absorption band (Fig. 10(a), curves 1, 2) .
The most sensitive to the nanoparticle size reducing is the luminescence intensity upon excitation in the range E g < h<2E g . At such energies of excitation quanta, the free electrons and holes are created and thermalized due to the electron-phonon interaction. Since the thermalization length is estimated for electrons as several tens of nanometers 23 and several units of nanometers for holes, so the recombination processes are determinated by the relation between thermalization length of electrons and nanoparticle size. For 8 nm nanoparticles, the thermalization length exceeds their size and electrons can be captured by the surface defects or escape from nanoparticle. This leads to the significant decrease of recombination luminescence intensity. Thereby, for LaPO 4 -Eu and LaPO 4 -Pr nanoparticles, the luminescence intensity most strongly depends from nanoparticle size upon excitation in the range E g < h<2E g (Fig. 10(a), curves 3) . It should be noted that dependences of luminescence intensity on the nanoparticle size for Pr 3þ and Eu 3þ impurity ions are similar in spite of the recombination luminescence for LaPO 4 -Pr first possess electronic and for LaPO 4 -Eu possess hole character. Other situation is observed in the case of Lu 2 O 3 nanoparticles doped by europium and terbium ions. 3 In Lu 2 O 3 -Tb nanoparticles possessing the electron recombination luminescence, the luminescence intensity quenching at nanoparticle size reducing was smaller than for the Lu 2 O 3 -Eu nanoparticles possessing hole recombination luminescence upon excitation in the range of bandto-band transitions (E g < h<2E g ).
The EEM mechanism in LaPO 4 -Eu and LaPO 4 -Pr nanoparticles is different. In LaPO 4 -Eu nanoparticles, EEM is associated with the creation of secondary CT excitation, secondary excitons, and secondary electron-hole pairs. In the case of LaPO 4 -Pr nanoparticles, the EEM threshold is associated with the creation of secondary electron-hole pairs only. The comparison of LaPO 4 -Eu and LaPO 4 -Pr luminescence excitation spectra indicates the different structure of the EEM bands in these systems (Fig. 11(a) ). In particular, in the case of LaPO 4 -Eu nanoparticles in the range of h>2E g , there is additional contribution from the electronic multiplication due to the creation of secondary CT excitations and excitons besides the multiplication associated with the creation of secondary electron-hole pairs.
The decrease of luminescence intensity upon excitation in the EEM range as the nanoparticle size reduces is smaller than in the case of excitation with quanta of E g < h<2E g energy. The photoelectron mean free path is most important size factor for luminescence excitation in this range (h>2E g ). Because the photoelectron with energy of EEM range losses its energy mainly due to inelastic collisions with the valence electrons, the free path of photoelectron in this case is small and is estimated as several nanometers. 22 This value is less or commensurable with the size of studies nanoparticles. Under such conditions, the primary photoelectron will create the secondary excitation inside the nanoparticle volume and consequently the luminescence intensity dependence in the photon multiplication range is determined by the type of the created secondary excitations. Then, the intensity of luminescence caused by the secondary CT excitations and secondary excitons will be less size dependent. The stronger decrease of luminescence intensity is observed upon excitation in the range of multiplication with the creation of secondary electron-hole pairs, similarly, as in the case of excitation energy quanta E g < h<2E g . Exactly, such the regularities are observed experimentally. As one can see in Fig. 10 for nanoparticles of 8 nm size, the luminescence quenching upon excitation in EEM range increases along the sequence: range of secondary CT excitation (Fig. 10(a) , curve 4) ! range of secondary excitons (Fig. 10(a) , curve 5) ! range of secondary electron-hole pairs (Fig. 10, curve 5 ).
V. CONCLUSIONS
The different character of luminescence intensity dependence on the nanoparticle size in the LaPO 4 -Eu and LaPO 4 -Pr upon excitation in different energy ranges was revealed.
The luminescence intensity is less sensitive to the decrease of the nanoparticle size upon excitation in the range of matrix transparency: in the CT band in the case of LaPO 4 -Eu system and in the intracenter absorption bands of praseodymium ion for the LaPO 4 -Pr nanoparticles. Here, the main luminescence quenching factors are energy losses on surface defects, which is enhanced due to increase of surface/volume ratio and segregation processes leading to preferable localization of impurities on the nanoparticle surface. The luminescence intensity upon excitation in the range of optical creation of exciton is also rather stable on nanoparticle size change.
The influence of surface defects is increased in this case due to the diffusion of excitons to the nanoparticle surface.
The recombination luminescence intensity upon excitation with energy quanta E g < h<2E g is the most sensitive to the nanoparticle size decrease. For such excitation energies, the electron thermalization length caused by the electron-phonon scattering is commensurable or exceeds the size of smallest nanoparticles preventing the electron recombination with impurity centers.
Because upon excitation in the EEM range, the mean free path of primary photoelectron is smaller than the nanoparticle size the dependence of the luminescence intensity on the nanoparticle size is determined by type of secondary excitations, which occur at multiplication. If secondary excitations are associated with charge transfer or exciton, then the luminescence intensity dependence is lower than in the case of secondary electron-hole pair creation.
